Abstract: Spatial inequalities in urban public transportation are a major concern in many countries but little of this research has focused specifically on taxi services. The taxi situation has grown more complex, as traditional ride-for-hire services face growing competition from e-hailing apps like Uber in the U.S., or Didi and Kuaidi in China. In 2014, Didi and Kuaidi triggered a nationwide subsidy war, with possible effects on the spatial inequality of taxi services. Taxi trajectory data from Shenzhen collected during the subsidy war shows that this competition reduced spatial inequality in the inner city but aggravated it in the outer city. In this study, a measure of service rate to depict the quantity of taxi services is proposed to calculate a Gini coefficient for evaluating change in the spatial inequality of taxi services. The Theil index and its decomposition were used to distinguish the contribution of Traffic Analysis Zones (TAZs) in the inner and the outer city and compare them to the overall spatial inequality of taxi services in Shenzhen, TAZs in the outer city had greater inequality in taxi services than the inner city. Furthermore, the primary contributor to overall inequality in taxi services was inequality within, rather than between, the inner and outer city. Moreover, the mean values for the changed service rates in the inner city were always larger than the outer city, and the inner city had a more equitable changed service rate than the outer city. These results could serve as a foundation for improving taxi services citywide.
Introduction
The issue of public transportation inequity has been a widely discussed topic [1] [2] [3] [4] [5] [6] [7] . However, few studies focus on spatial inequality in taxi services. Recognizing the change of spatial inequality in taxi services in the context of a subsidy war could support sustainable planning for equitable taxi services. Taxicabs play an important role in daily travel because they provide an uninterrupted door-to-door service [8] . E-hailing services (e.g., Didi in China and Uber in the U.S.) offer passengers convenient booking services that prevent them from waiting on the street for a long time, especially during a day with bad weather. Moreover, e-hailing services provide a new mechanism for cabdrivers to find passengers while using third-party applications, thus allowing cabdrivers to acquire origin and the destination information in advance of a trip. In order to attract more users, e-hailing app companies distribute subsidies to passengers and cabdrivers.
Competition among e-hailing app companies triggered a fierce subsidy war in China from January to August 2014. During this war, the growth rate in users of the e-hailing services reached 559.4% in 2014, driven by huge subsidies provided by Didi and Kuaidi [9] . Thus, the subsidy war created a fluctuation in taxi fees, leading to the change of taxi travel demands. The change in taxi travel demands might influence spatial inequities in taxi services; hence, this paper focuses on uncovering potential spatial inequalities in taxi services during the subsidy war. It is noteworthy that the spatial inequality in taxi services discussed in this paper do not refer to unequal access to taxi services by the population. Taxi services in this paper represent the actual number of taxi services rather than taxi demands. This paper only discussed spatial inequality in the actual number of taxi services. The purpose of this research is to uncover the spatial inequality in taxi services between Traffic Analysis Zones (TAZs) during a subsidy war; the study area was in Shenzhen, China. A measure called a service rate was developed to compare the quantity of taxi services; however, this measure alone was insufficient for assessing spatial inequality in taxi services as it only indicates the quantity of services. In turn, the service rate was used to calculate a Gini coefficient to assess changes in the spatial inequality in taxi services over the period of the subsidy war. Furthermore, the Theil index and its decomposition are used to distinguish the contribution of TAZs in the inner and the outer city to the overall spatial inequality of taxi services. The major contributions of this study are twofold. First, this work sheds light on the changes of the spatial inequality of urban taxi services in the context of a subsidy war. Second, this paper investigates the sources, between and within the inner city and the outer city groups of TAZs, contributing to the overall spatial inequality of taxi services in Shenzhen.
The remainder of this paper is organized as follows. Section 2 reviews previous studies on spatial inequality of public transportation and e-hailing services of taxicabs. Section 3 introduces the subsidy war and taxi trajectory data. Section 4 introduces a service rate indicator to measure the quantity of taxi services in each spatial analysis unit and gives details in the methods about two indexes, i.e., Gini coefficient, Theil index and its decomposition. Section 5 presents the analysis of the experimental results. Section 6 concludes the paper and suggests directions for future study.
Literature Review

Spatial Inequality in Public Transportation
A planning goal for transportation agencies is providing equitable public transportation services [1] . Thus, various measures were developed to assess public transport equity. Murray and Davis [1] evaluated the potential need for public transport in southeast Queensland, using socio-demographic and economic data. They compared transportation need with public transport access, in order to identify transportation-disadvantaged areas. Delmelle and Casas [10] evaluated the spatial equity of bus rapid transit-based accessibility patterns in Cali, Colombia. They studied accessibility from two aspects, including accessibility to stops and stations and accessibility to activity opportunities. In addition, the public transportation accessibility level (PTAL) is an elaborated measure of the accessibility of any start point to a public transportation. This measure has been used to assess equity in transit supplies in the UK [2] .
Lorenz Curves and Gini coefficient are other widely used measures to depict the inequality of public transport. In economics, Lorenz Curve is a graphical representation of the distribution of wealth across the population [11] , and Gini coefficient is a measure of the statistical dispersion of the income of residents [12] . In studies of public transportation, the Lorenz Curves and Gini coefficient are also widely used because they can be applied to any quantity that can be accumulated across a population. Delbosc and Currie [3] used the Lorenz Curves and Gini coefficient to assess public transport equity in Melbourne, Australia, showing that 70% of the population shared only 19% of the transit supply. Bhandari et al. [13] used the Gini coefficient to link mobility and accessibility to equity, and they determined that the introduction of a metro system showed a positive impact on equity of mobility and accessibility in Delhi, India. Jang et al. [14] used a Lorenz Curve and Gini coefficient to evaluate the equity of public transportation services in the city of Seoul. They concluded that the subway network of Seoul was more unequal than the bus network. Improving the operation frequency of both transit modes would aggravate the spatial inequity of Seoul, but a subway extension plan could alleviate the spatial inequity. Cao et al. [15] measured the relative supply of public transit to the population in Guangzhou, China using Lorenz Curves and a Gini coefficient. They found that 80% of the population shares only 36.7% of the public transit supply in Guangzhou, with unequal differences between the levels of transit service within zones.
Even though the spatial inequality in public transportation services has been extensively studied, previous studies only focus on subway and bus systems in the urban area. Few studies have addressed this issue in the case of taxi services; thus, this paper focuses on investigating spatial inequality in taxi services.
E-Hailing Services of Taxicabs
Smartphone-based e-hailing applications have become commonplace since the development of smart phones. These e-hailing applications include Didi and Kuaidi in China and Uber in the U.S., which directly connect passengers to service providers. Cabdrivers acquire the origin and destination in advance of a trip, reducing idle time and improving their operational efficiency. The literature related to e-hailing services is extensive, addressing pricing, market equilibrium, and market competition.
The first group of studies focuses on the pricing strategy of e-hailing services. Noulas et al. [16] found out that the Uber X service is cheaper than Black Cab in London, and that Uber X in London is cheaper than in New York City. Salnikov et al. [17] compared the costs of Yellow Cab and Uber X in New York City and it turned out that the Yellow Cab was on average, 1.4 dollars cheaper than Uber X. The surge-pricing phenomenon is another hot topic for discussion. On New Year's Eve, taxi fares rose to 7.5 times the base rate [18] . Chen et al. [19] discovered that the highest levels of surge pricing generally last less than 10 min, and that surge prices have a strong negative effect on passenger demand and a weak positive effect on taxi supplies. Noulas et al. [20] showed that the higher Uber X fares in New York City could be ascribed to surge pricing.
The equilibrium of the taxi market is another topic which has been investigated by many researchers. He and Shen [21] proposed a spatial equilibrium model to balance the supply and demand of taxi services, and to capture cabdrivers' and passengers' possible adoption of e-hailing apps. Qian and Ukkusuri [22] analyzed the characteristics of traditional taxi services and app-based taxi services, modeled the taxi market as a multiple-leader-follower game at the network level, and investigated the equilibrium of the taxi market with competition between traditional taxi services and app-based third-party taxi services. Zha et al. [23] proposed equilibrium models under different behavioral assumptions about the labor supply in a ride-sourcing market and investigated the performance of surge pricing. In order to reveal the impact of the pricing strategy of an e-hailing platform on taxi services, Wang et al. [24] proposed a system of nonlinear equations to describe the taxi market equilibrium with hybrid e-hailing and roadside hailing modes.
A subsidy war was triggered in 2014 between two e-hailing apps, i.e., Didi and Kuaidi in China. Several studies drew attention to the impact of the subsidy war on e-hailing services. Wen et al. [25] determined that it is difficult to hail a taxi if passengers obtained subsidies; however, the difficulty in hailing a taxi could be alleviated if taxi drivers are given subsidies. Leng et al. [26] discovered that when a subsidy war is white-hot, the average number of trips increases, the idle time of taxicabs decreases, and the number of short-distance trips increases. Nevertheless, the spatial distribution of pick-up and drop-off locations does not change significantly. Su et al. [27] investigated the dynamics of pick-up and drop-off locations during the Didi and Kuaidi subsidy war. They drew the conclusion that changes in pick-up and drop-off locations varied greatly in quantity and in spatial distribution during this subsidy war. None of these studies discussed the question of how the spatial inequality in taxicab services under an e-hailing app subsidy war changes. Therefore, the present paper investigates this question.
Subsidy War and Experimental Data
This section introduces the subsidy war and provides the details about the study area and taxicab trajectory data we used.
Subsidy War
Two e-haling app companies, Didi and Kuaidi, launched a subsidy war in 2014 in China in order to attract more users. This paper divides the entire subsidy war into six sub-periods based on the same division rule adopted in our previous work [27] , namely, the amount of subsidies given to passengers and cabdrivers in different periods. The division results are given in Table 1 . The first period was before 9 January when the subsidy war had not begun. The second period extended from 10 January to 16 February when the subsidy war had just begun. In this period, passengers and cabdrivers both received subsidies. The third period extended from 17 February to 4 March when the subsidy war was white-hot. Passengers and cabdrivers obtained the largest subsidies in this period. The fourth period was from 22 March to 16 May when the subsidy on the passenger side was reduced. The fifth period was from 17 May to 8 July when there was no subsidy for passengers, but cabdrivers still received limited subsidies. The sixth period was after 10 August, when both companies canceled subsidies for passengers and cabdrivers. Travel patterns on holidays and bad-weather days (e.g., rainstorms) vary greatly from non-holidays and mild-weather days. In order to reduce the influence of holiday and bad-weather days, data were selected from non-holiday and mild-weather days. Because taxi travel demands on weekdays and weekends are drastically different, the datasets were separated into two subsets, a weekday and weekend dataset, to investigate the spatial inequality in taxi service on weekdays and weekends, respectively. Given the short time span of the third period, which has only 12 weekdays and four weekend days after excluding holidays and bad-weather days, the same number of days were sampled for the other periods. Table 2 shows the sampling days for each period in detail, denoted as Periods 1, 2, 3, 4, 5, and 6, respectively. 
Experimental Data
The trajectories of taxicabs embedded with GPS that operated in Shenzhen city during the subsidy war were collected to investigate the spatial inequality in taxi services. Each GPS point records the spatial location (i.e., longitude and latitude), timestamp, operation status (i.e., vacant or occupied), and velocity of a taxicab. Intervals between each two continuous GPS points were about 15 s. Thus, it is reasonable to extract pick-up and drop-off locations based on the changes of operational status. Specifically, when the operation status changes from vacant to occupied, the GPS point with occupied status could be regarded as a pick-up location. Likewise, when the operation status changes from occupied to vacant, the GPS point with vacant status could be considered as a drop-off location. In this way, the plate number, start time, end time, travel time, pick-up location, drop-off location, and travel distance were collected. Abnormal records were excluded based on following rules: Records with missing information were removed, such as missing location and time information. Records with a travel time less than 0.5 min were deleted, because a taxi trip generally lasts longer than 0.5 min. Records with a travel distance shorter than 500 m were removed based on the assumption that a taxi trip generally will be longer than 500 m.
The TAZ was selected as the unit of spatial analysis, as it is suitable for investigating the spatial inequality in taxi services. In contrast to other commonly used spatial analysis units, such as district and sub-districts, the TAZ was more suitable because TAZs are delineated at a finer spatial scale that is based on the road network. In addition, TAZs are more appropriate than grid cells because TAZs contain similar land use types and economic and social attributes. As shown in Figure 1 , there are 1067 TAZs in the city of Shenzhen. The pick-up and drop-off locations were aggregated based on the TAZ-level. 
Methodology
This section presents the methods used to analyze spatial inequality in taxi services in the context of a subsidy war among e-hailing apps. A service rate is proposed to measure the quantity of taxi service in each TAZ. A Gini coefficient is introduced to assess the spatial inequality in taxi services. In this paper, a Theil index and its decomposition distinguish the contribution of the inner city and the outer city groups of TAZs, to compare these zones to the overall spatial inequality in taxi services.
Service Rate
Taxi services could be divided into two parts, arrival services and departure services. The arrival service and departure service of a TAZ can be depicted by the cumulative arrivals and departures within a TAZ, but the absolute number does not account for variation in the size or the total number 
Methodology
Service Rate
Taxi services could be divided into two parts, arrival services and departure services. The arrival service and departure service of a TAZ can be depicted by the cumulative arrivals and departures within a TAZ, but the absolute number does not account for variation in the size or the total number of taxis active in the city during any particular period. A TAZ with a larger area has more arrival times and departure times than a smaller TAZ. Variations in the number of taxis and sampling days in each period also influence the quantity of taxi service. A measure called the service rate is proposed to control these factors. The service rate represents the arrival and departure times per car per unit area per day. The service rate is comprised of two parts, the arrival service rate (ASR) and the departure service rate (DSR) which are defined as follows:
where ASR In addtion, n denotes the total number of TAZs, which is equal to 1067 in this case, N p denotes the number of cars in Period p, and A i denotes the area of TAZ i. The value T p denotes the number of days in Period p, which in this study is equal to 12 weekdays or four weekend days.
Measurements of Spatial Inequality in Taxi Services
Gini Coefficient
The Gini coefficient was initially proposed as a means for estimating inequality in income distributions [12] . It also has been widely used to measure the inequality in public transport [3] , health facilities [28] , energy [29] , and ecological footprints [30] . Here, a Gini coefficient is employed to measure the spatial inequality in taxi services. The formula for calculating the Gini coefficient is as follows:
where G denotes the Gini coefficient, n denotes the number of TAZs, which is equal to 1067 in this case, and x denotes the mean value of service rate. The value x i denotes the service rate of TAZ i in an ascending order. The range of the Gini coefficient is between 0 and 1, the higher the Gini coefficient, the more inequality.
Theil Index and Its Decomposition
The Theil index [31] is another widely used index to measure inequality. It has been widely used in several fields, such as energy intensity [32] , energy consumption [33] , regional development disparity [34] , and energy efficiency [35] . Decomposability is a property of the Theil index which the Gini coefficient does not offer. The decomposition of the Theil index makes it possible to explore the contribution of different groups to overall inequality, as the spatial distribution of taxi services can vary significantly in different groups of TAZs, like the inner city and the outer city groups of TAZs; the higher the Theil index, the greater the level of inequality. The Theil index is calculated using the following formula:
7 of 18
where T denotes the Theil index, other letters have identical meanings as the corresponding terms in Equation (1) . The Theil index can be decomposed into two parts, within-group and between-group inequality. In order to analyze the contribution of the inner city and the outer city groups of TAZs to the overall spatial inequality of taxi services, the TAZs in Shenzhen city were separated into inner city and outer city groups. The decomposition formula is shown as follows:
where T b denotes the between-group inequality, T w denotes the within-group inequality, and K is the number of groups, which is equal to two in this study. The value n denotes the number of TAZs, n k is the number of TAZs in group k, and g k denotes the set of TAZs in group k. The term y i denotes the share of the service rate of TAZ i in the total service rate, and y k denotes the share of sum of the service rate of group k in the total service rate. Figure 2 shows the spatial distribution of ASR and DSR on weekdays in Period 1 on TAZ-level, which indicates that the inner city has a higher value of service rate than the outer city at the aggregate level. In this paper, only the spatial distribution of service rate on weekdays in Period 1 are presented, since there was no significant difference in the spatial distribution of the service rate between the six periods or between weekdays and weekends.
Results
The Changes of Service Rate in the Subsidy War
In order to evaluate the changes of service rate on weekdays during the subsidy war, we calculated the mean service rate in three ways, the overall mean, the inner city mean, and the outer city mean, as shown in Table 3 . Several conclusions can be drawn from Table 3: (1) The trends of change in the mean of ASR and DSR for the inner city are identical, which is the same as the trends of change in the mean of ASR and DSR for the outer city. However, they are different from the trends of change in the overall mean. The inner city mean decreased in Period 2 and decreased again in Period 3. This indicates that the considerable subsidy given to passengers and cabdrivers alike reduced the service rate in the inner city. In contrast, the service rate in the outer city increased significantly in Period 3 when the subsidy war was white-hot. This implies that some cabdrivers picked up and dropped off passengers in the outer city when they received high subsidies. When the subsidy given to passengers was reduced in Period 4, the inner city mean rose and the outer city mean decreased. When the subsidy on passengers was canceled, the inner city mean increased again and the outer city mean decreased again. Finally, when there was no subsidy for either passengers or cabdrivers, both the inner city and the outer city means increased. (2) The shares of the service rates in the inner city and the outer city in the total service rate are given in Table 3 . The shares of the service rates in the inner city in Period 3 declined to 68.03% in the ASR and to 68.61% in the DSR. In addition, during Period 3, the shares of the service rates in the outer city rose to 31.97% in the ASR and to 31.39% in the DSR. This provides stronger evidence that some cabdrivers picked up and dropped off passengers in the outer city when they received larger subsidies. Table 4 shows the overall mean of service rate, the inner city mean of service rate, and the outer city mean of service rate on weekends. The trend of change on weekends in Table 4 shows clear differences in comparison with the mean service rates for weekdays as shown in Table 3 . For example, the trends of change in the mean of ASR and DSR for the inner city in Table 4 are both "increase-decrease-decrease-increase-decrease" and the trends of change in the mean of the ASR and DSR for the outer city are both "decrease-increase-decrease-increase-decrease". Table 4 also demonstrates that when the subsidy war had just begun in Period 2, the share of the inner city as a share of the total service rate increased dramatically while the share of the outer city declined. This suggests that the subsidy war motivated cabdrivers to pick up and drop off more passengers in the inner city on weekends. Furthermore, when the subsidy war was white-hot in Period 3, the inner city as a share of the total service rate declined almost to the level found in Period 1, implying that the substantial subsidy offered to cabdrivers at that time motivated them to pick up and drop off more passengers in the outer city on weekends. Table 4 . The overall mean of the ASR/DSR, the inner city mean of the ASR/DSR, and the outer city mean of the ASR/DSR on weekends. Figure 3 shows the changes of Gini coefficient and mean of service rate on weekdays during the subsidy war. The TAZs were divided into inner city and outer city groups. Gini coefficients were calculated in three ways, the overall Gini, the inner city Gini, and the outer city Gini, as shown in Figure 3 .
The Changes of Service Rate in the Subsidy
War Figure 2 shows the spatial distribution of ASR and DSR on weekdays in Period 1 on TAZ-level, which indicates that the inner city has a higher value of service rate than the outer city at the aggregate level. In this paper, only the spatial distribution of service rate on weekdays in Period 1 are presented, since there was no significant difference in the spatial distribution of the service rate between the six periods or between weekdays and weekends.
Period
Spatial Inequality in Taxi Services
The overall Gini coefficient of ASR ranges from 0.79 to 0.81, which indicates that Shenzhen City has relatively high spatial inequality in taxi services. The Gini coefficient for the ASR of the inner city TAZs ranges from 0.59 to 0.61 and the Gini coefficient of the outer city TAZs ranges from 0.79 to 0.81. This indicates that the outer city has greater spatial inequality in the ASR than the inner city. This conclusion also fits into the spatial inequality in the DSR. The changes in the Gini coefficient during the subsidy war are summarized in detail as follows:
(1) Comparing Period 1 to Period 2, the overall spatial inequality in service rate is strengthened and so does the spatial inequality of the outer city. However, the spatial inequality of the inner city is weakened. The small subsidies given by the two companies when the subsidy war had just begun aggravated inequality in the outer city, but alleviated inequality in the inner city.
Comparing Period 2 to Period 3, overall inequality was weakened significantly, as was inequality in the outer city, but the inequality of the inner city increased slightly. This indicates that the substantial subsidy alleviated the inequality of outer city effectively but had little influence on the inequality of the inner city. Comparing Period 3 to Period 4, the overall inequality rebounded to its original level and the inequalities of inner city and outer city were both aggravated. Thus, when the subsidy given to passengers was reduced, the inequality of taxi services was aggravated.
Comparing Period 4 to Period 5, the overall inequality was almost unchanged and the inequalities in the inner city and outer city were both lower, this indicates that when the subsidy to passengers was cancelled, the inequality of taxi service of inner city and outer city was alleviated. Comparing Period 5 to Period 6, the overall inequality was almost unchanged, the inequality of inner city was reduced, and the inequality of outer city increased. (2) The lowest value of the Gini coefficient for the overall city occurred during Period 3 when the mean value of service rate was relatively low compared with its original level in Period 1. In the case of the inner city, the most equitable situation occurred in Period 2 when the mean value of service rate was relatively low as compared with its original level in Period 1. Thus, the inner city had the most equitable taxi services in Period 2; however, each TAZ had a relatively low value for the service rate relative to Period 1. For the outer city, the most equitable situation occurred in Period 3, when the mean value of service rate arrived at the peak. shows that the overall inequality was nearly unchanged at the beginning and end of the subsidy war, the inequality of inner city was alleviated a little, and inequality in outer city was aggravated slightly. Thus, the subsidy war alleviated the spatial inequality in taxi services in the inner city but aggravated it in the outer city. Figure 3 shows the changes of Gini coefficient and mean of service rate on weekdays during the subsidy war. The TAZs were divided into inner city and outer city groups. Gini coefficients were calculated in three ways, the overall Gini, the inner city Gini, and the outer city Gini, as shown in Figure 3 . The changes of Gini coefficient and the changes of the mean of service rate on weekdays during the subsidy war. Specifically, they are the overall changes of the Gini coefficient and mean of ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of ASR (b), the changes of outer-city Gini coefficient and the outer-city mean of ASR (c), the overall changes of the Gini coefficient and the mean of DSR (d), the changes of inner-city Gini coefficient and the inner-city mean of DSR (e), and the changes of the outer-city Gini coefficient and the outer-city mean of DSR (f). The changes of Gini coefficient and the changes of the mean of service rate on weekdays during the subsidy war. Specifically, they are the overall changes of the Gini coefficient and mean of ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of ASR (b), the changes of outer-city Gini coefficient and the outer-city mean of ASR (c), the overall changes of the Gini coefficient and the mean of DSR (d), the changes of inner-city Gini coefficient and the inner-city mean of DSR (e), and the changes of the outer-city Gini coefficient and the outer-city mean of DSR (f). Figure 4 shows the changes in the Gini coefficients and mean of the service rates on weekends during the subsidy war. The trend of change in the Gini coefficient on weekends display several differences with the values for weekdays, as presented in Figure 3 . The trend of change in the Gini coefficient for inner city TAZs on weekends was "decrease-decrease-increase-decrease-increase", which is different from the pattern on weekdays. The trend of change in the Gini coefficient for the outer city on weekends was "increase-decrease-increase-increase-decrease", which is also different from the pattern on weekdays. The lowest Gini coefficient value for the overall city occurred during Period 3 when the mean value of the service rate was high, relative to its original level in Period 1. For the inner city, the lowest Gini coefficient occurred in Period 3 when the mean value of service rate was relatively high. For the outer city, the lowest Gini coefficient also occurred in Period 3 when the mean value of service rate was the highest. The changes of the Gini coefficient and the changes of the mean of service rate on weekends during the subsidy war. Specifically, they are the overall changes of the Gini coefficient and mean of ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of ASR (b), the changes of the outer-city Gini coefficient and the outer-city mean of ASR (c), the overall changes of the Gini coefficient and the mean of DSR (d), the changes of the inner-city Gini coefficient and the inner-city mean of DSR (e), and the changes of the outer-city Gini coefficient and the outer-city mean of DSR (f).
Between-Group and within-Group Spatial Inequalities in Taxi Services
When dividing the TAZs into inner city and the outer city groups, the Theil index decomposition method distinguishes the contribution of TAZs in the inner and the outer city to the overall spatial inequality of taxi services. Table 5 shows the results of the Theil index and its decomposition of the service rate on weekdays. As shown, the within-group inequality contributed more than 60% of the total inequality, whereas between-group inequality accounted for less than 40%. The primary contributor to the overall spatial inequality in taxi services was the within-group inequality in taxi services rather than the between-group inequality. Period 3 has the highest contribution rate to within-group inequality, which indicates that a large subsidy increased the rate of contributions from within-group inequality to the overall service inequality. Figure 4 . The changes of the Gini coefficient and the changes of the mean of service rate on weekends during the subsidy war. Specifically, they are the overall changes of the Gini coefficient and mean of ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of ASR (b), the changes of the outer-city Gini coefficient and the outer-city mean of ASR (c), the overall changes of the Gini coefficient and the mean of DSR (d), the changes of the inner-city Gini coefficient and the inner-city mean of DSR (e), and the changes of the outer-city Gini coefficient and the outer-city mean of DSR (f).
When dividing the TAZs into inner city and the outer city groups, the Theil index decomposition method distinguishes the contribution of TAZs in the inner and the outer city to the overall spatial inequality of taxi services. Table 5 shows the results of the Theil index and its decomposition of the service rate on weekdays. As shown, the within-group inequality contributed more than 60% of the total inequality, whereas between-group inequality accounted for less than 40%. The primary contributor to the overall spatial inequality in taxi services was the within-group inequality in taxi services rather than the between-group inequality. Period 3 has the highest contribution rate to within-group inequality, which indicates that a large subsidy increased the rate of contributions from within-group inequality to the overall service inequality. The Theil index and its decomposition of service rate results for weekends are shown in Table 6 . Several conclusions can be drawn when comparing with the values on weekdays as given in Table 5 . The contribution rates of within-group inequality on weekends are higher than the values on weekdays during the same periods. This indicates that the inequality within the inner city and the inequality within the outer city contributed more to the overall inequality on weekends as compared to the same values for weekdays. The highest contribution rate of within-group inequality occurred in Period 1 on weekends. 
The Spatial Inequality in the Service Rate Change
The service rate change for each TAZ was obtained by subtracting the service rate in the current period from the service rate in the next period. The spatial inequality in service rate change was analyzed with the Gini coefficient, and the Theil index and its decomposition as measures of similarity. Accordingly, Periods 1-2, 2-3, 3-4, 4-5, and 5-6 denote pairs of neighboring periods in the subsidy war. Table 7 shows the overall mean of the increased and decreased service rate, the mean of the inner-city increased and decreased service rate, and the mean of the increased and decreased outer-city service rate on weekdays between each pair of neighboring periods. Several conclusions can be drawn from Table 7: (1) The mean values of the service rate change in the inner city TAZs was always larger than the mean values of the service rate change in the outer city, because as discussed in Section 5.1, the inner city has a larger service rate value than the outer city at the aggregate level. Thus, the mean of the service rate change in the inner city was also larger than the mean of the service rate change in the outer city. (2) Increases and decreases in share of the ASR and DSR values in these neighboring periods show similar trends of change. For example, the increased ASR of the inner-city TAZs accounted for 70.93% of the total increase in ASR in Period 1-2 and the increased DSR of inner-city TAZs accounted for 81.27% of the total increase in the DSR in Period 1-2. This indicates that the inner city contributed to the majority of the increased service rate. In Period 2-3, the increased ASR and DSR values of inner city TAZs accounted for 31.40% and 24.36% of the total increase of the ASR ad DSR, respectively, which implies that the inner city has a lower increased service rate. Moreover, in Period 3-4, the increased ASR and DSR values of inner city TAZs accounted for about 95% of the total increase in ASR and DSR, which suggests that nearly the entire increased service rate happened in the inner city. In Period 4-5, the shares of the increased ASR and DSR values of inner city TAZs decreased to 82.14% and 76.41%, respectively. Finally, the shares of the increased ASR and DSR of inner city decrease again to 50.02% and 48.74% in Period 5-6. The overall mean, the inner-city mean, and the outer-city mean of increased and decreased service rate on weekends were calculated for each pair of neighboring periods. These results also show that the mean values of the service rate change in inner city TAZs were always larger than the of the values for outer city TAZs. The sharpest differences in the shares of the changed service rate between weekdays and weekends are the shares of decreased service rates in Period 1-2 and Period 3-4. In particular, the shares of the decreased ASR and DSR values for inner city TAZs reach 12.18% and 6.91% in Period 1-2, which indicates that the major decreases in service rates occurred in outer city rather than inner city TAZs. In Period 3-4, the shares of the decreased ASR and DSR values for inner city TAZs reached 53.23% and 50.50%, respectively, which indicates that about half of the decreased service rate occurred in inner city TAZs. Table 7 . The overall mean, the inner city mean, and the outer city mean of increased and decreased service rate on weekdays between each pair of neighboring periods. Figure 5 shows that the Gini coefficients of inner city TAZs were always smaller than the Gini coefficients of outer city TAZs, which indicates that the inner city is more equitable than the outer city in service rate change. Taking the increased ASR in Period 2-3 as an example, when the two companies increased the subsidy, the overall Gini coefficient for the increased ASR declined while the mean of the increased ASR was at the medium level, when compared with other periods. The Gini coefficient of the increased ASR in inner city TAZs present a similar, but declining trend and the mean increased ASR for inner city TAZs was also at the medium level. In addition, the Gini coefficient of the increased ASR of the outer city TAZs declined to its lowest level compared with other periods, while the mean of the increased ASR for outer-city TAZs was at the highest level. This indicates that in Period 2-3 the outer city TAZs had the highest increased ASR and service rate reached the most equitable situation. Furthermore, the overall, the inner city, and the outer-city Gini coefficients for increased ASR values declined when the two companies reduced the subsidy to passengers in Period 3-4. Moreover, the mean increased ASR for inner city TAZs rose slightly while the mean increased ASR for outer-city TAZs dropped dramatically. In Period 4-5, the overall, the inner city, and both the outer-city Gini coefficients and their mean values of increased ASR also decreased. In period 5-6, the overall and the inner-city TAZ Gini coefficients both declined while the Gini coefficient of outer city TAZs increased a little. In addition, mean values of increased ASR for the overall, the inner-city, and the outer-city TAZs rose in Period 5-6. Table 8 shows the Theil index and its decomposition results for the service rate change on weekdays. The within-group inequality always contributed more to the overall spatial inequality, which indicates that the primary contributor of the spatial inequality in the service rate change was the within-group inequality. This conclusion is consistent with the Theil index and the decomposition results for the service rate change on weekends, thus we only present the results for weekdays. Figure 5 . The changes of the Gini coefficient and the changes of the mean of the service rate change on weekdays between each pair of neighboring periods. Specifically, they are the overall changes of the Gini coefficient and the mean of increased ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of increased ASR (b), the changes of the outer-city Gini coefficient and the outer-city mean of increased ASR (c), the overall changes of the Gini coefficient and the mean of decreased ASR (d), the changes of the inner-city Gini coefficient and the inner-city mean of decreased ASR (e), the changes of the outer-city Gini coefficient and the outer-city mean of decreased ASR (f), the overall changes of the Gini coefficient and the mean of increased DSR (g), the changes of the innercity Gini coefficient and the inner-city mean of increased DSR (h), the changes of the outer-city Gini coefficient and the outer-city mean of increased DSR (i), the overall changes of the Gini coefficient and the mean of decreased DSR (j), the changes of the inner-city Gini coefficient and the inner-city mean of decreased DSR (k), and the changes of the outer-city Gini coefficient and the outer-city mean of decreased DSR (l). The changes of the Gini coefficient and the changes of the mean of the service rate change on weekdays between each pair of neighboring periods. Specifically, they are the overall changes of the Gini coefficient and the mean of increased ASR (a), the changes of the inner-city Gini coefficient and the inner-city mean of increased ASR (b), the changes of the outer-city Gini coefficient and the outer-city mean of increased ASR (c), the overall changes of the Gini coefficient and the mean of decreased ASR (d), the changes of the inner-city Gini coefficient and the inner-city mean of decreased ASR (e), the changes of the outer-city Gini coefficient and the outer-city mean of decreased ASR (f), the overall changes of the Gini coefficient and the mean of increased DSR (g), the changes of the inner-city Gini coefficient and the inner-city mean of increased DSR (h), the changes of the outer-city Gini coefficient and the outer-city mean of increased DSR (i), the overall changes of the Gini coefficient and the mean of decreased DSR (j), the changes of the inner-city Gini coefficient and the inner-city mean of decreased DSR (k), and the changes of the outer-city Gini coefficient and the outer-city mean of decreased DSR (l).
Conclusions
The research presented in this paper investigated the spatial inequality of taxi services in the context of the 2014 subsidy war among e-hailing apps in Shenzhen, China. The subsidy war was divided into six sub-periods based on the amount of subsidies passengers and cabdrivers obtained in different periods. A new service rate indicator is proposed to measure the quantity of taxi services in TAZs. A Gini coefficient is used to assess the spatial inequality in taxi services. The Theil index and its decomposition were used to analyze the contribution of grouped inner city and outer city TAZs to overall spatial inequality. The main findings are summarized as follows:
First, the subsidy war finally alleviated the spatial inequality in taxi services of the inner city while aggravated the inequality of the outer city. In addition, when dividing the entire TAZs into the inner and outer city groups of TAZs, it shows that the outer city TAZs had greater inequality in taxi services than inner city TAZs.
Second, the primary contributor to the overall inequality in taxi services was inequality within, rather than between, the inner and outer city. In addition, the highest contribution rate of within-group inequality occurred in Period 3 on weekdays, which indicates that a large subsidy increased the contribution rate of within-group inequality. On weekends, the highest contribution rate from within-group inequality occurred in Period 1 when the subsidy war had not yet begun.
Third, the mean values for the changed service rates in the inner city were always larger than the outer city TAZs, and the inner city TAZs had a more equitable changed service rate than the outer city TAZS. Moreover, the primary contributor of the overall inequality in the changed service rate was inequality within the inner and outer city.
It is also important to highlight certain aspects of our data that might introduce some potential bias in this study. Taxi demand is strongly related to the distribution of the population. However, taxi trajectory data only covers the actual number of taxi services other than the real taxi demands. For example, people who request taxi services but fail to obtain these services are not recorded in taxi trajectory data. With this limitation, we only focus on the spatial inequality in the actual number of taxi services. Future studies could incorporate population data and taxi order data in e-hailing apps to study spatial inequality in taxi demands.
